A dextranase-producing, gram-positive, anaerobic, rod-shaped bacterium isolated from human dental plaque was identified as Actinomyces israelii. Although the extracellular dextranase (EC 3.2.1.11) formed by this microbe appeared to be constitutively produced, the bacterium did not utilize the reaction products as a carbon source during growth. A striking feature of the dextranase was the formation of two distinct groups of oligosaccharide end products. The two groups presumably correspond to the limit dextran and the released reaction product which appeared to be cleaved from the end(s) of larger dextran molecules. Low levels of dextranase activity were measured by [3H ]NaBH4 reduction and alcohol fixation of the large, tritiated end products on filter paper disks. Of the carbohydrate substrates tested, only a-1,6-linked glucans were cleaved. The enzyme did not exhibit any metal ion requirements, and its pH optimum was 6.3. It is suggested that the A. israelii dextranase may function as a regulatory factor during extracellular in vivo glucan synthesis from sucrose by various plaque microbes.
The unique water-insoluble glucans synthesized from sucrose by the Streptococcus mutans dextransucrase (EC 2.4.1.5) are considered to be responsible for this organism's ability to develop adherent plaques on the tooth surface (16-19, 22, 23) . Therefore, it is likely that agents which disrupt the glucans or interfere with their synthesis could reduce the cariogenic potential of S. mutans. The water-insoluble glucans produced by S. mutans are resistant to extensive hydrolysis by dextranases (4, 20, 23, 32, 37) . However, if dextranase is present during dextran synthesis from sucrose, the resulting glucans are significantly structurally altered (4, 11, 45 ; M. D. Dewar and G. J. Walker, Caries Res., in press). These modified glucans reduce the ability of S. mutans to adhere to various surfaces (4, 13, 38) and may suppress the microbe's cariogenic potential in animal models (5, 12) .
Recently we isolated several distinct groups of dextranase-producing microbes from human dental plaque and suggested that the dextranases released by these microbes could be natural antagonists to the establishment of S. mutans in the oral cavity (38) . One group of oral dextranase-producing bacteria was composed of anaerobic gram-positive rods which were tenta- tively characterized as members of the genus Actinomyces. In the present study, we confirm this classification and describe some of the unusual enzymatic properties of the dextranase produced by this bacterium.
MATERIALS AND METHODS Microorganisms. The isolation and preliminary characterization of the bacteria has been previously reported (42) . Further taxonomic characterization was performed by the staff of L. V. Holdeman at the Anaerobe Laboratory, Virginia Polytechic Institute, Blacksburg, Va. The procedures used to define the 02 relationship, fermentation capabilities, and fermentation end products analyzed by gas-liquid chromatography have been presented in detail (25) .
Enzyme preparation. The enzyme was prepared by anaerobically growing the microorganisms in Trypticase soy broth (Difco, Detroit, Mich.) supplemented with 0.5% dextran T40 (Pharmacia, Uppsala, Sweden) and 0.1% yeast extract (Difco) for 48 to 72 h (late log phase) at 37 C in an atmosphere of 10% CO2, 10"/c H2, and 80% N2. The cultures were chilled to 4 C and then centrifuged (8,000 x g, 10 min). The supernatant was concentrated 10 times using an Amicon (Amicon Corp., Lexington, Mass.) ultrafiltration system with PM1O membrane at a pressure of 50 lb/in2. The concentrated preparation was dialyzed in the cold against distilled water for 12 h, followed by dialysis against 0.01 M phosphate buffer (pH 6.0). The crude enzyme preparation was clarified by centrifugation in the cold (10,000 x g, 10 min) and stored at 4 C. (30) . The percentage of the contaminant is usually high enough to necessitate further purification of the reduced carbohydrates before accurate data are obtained (7, 35 (29) .
Time course of enzyme production. The organisms were grown in 50-ml aliquots of glucose-free Trypticase soy broth supplemented with 0.1% yeast extract and either 1% glucose or 1% dextran T40. The Erlenmeyer flasks containing uninoculated medium were septum sealed and preincubated under anaerobic conditions for 24 h with a syringe needle (18 gauge) inserted through the septum to facilitate gas exchange. The flasks were inoculated with 5 ml of a culture actively growing on the same carbon source. and the needle was removed to seal the system. The cultures were agitated at a rate of 100 cycles/min in a 37 C water bath. Samples (1 ml) were removed at intervals with a syringe and needle. Growth was estimated turbidimetrically at a wavelength of 600 nm. The cells were removed by centrifugation (10,000 x g, 15 min), and 0.5 ml of the supernatant was used in the standard dextranase assay. Reducing sugar was quantitated using the ['H ]NaBH4 assay.
Analysis of dextranase reaction products. The products of hydrolysis of dextran by the Actinomyces dextranase were analyzed by chromatography using Bio Gel P10 (Bio-Rad Laboratories, Richmond, Calif.) in a 1.5-by 25-cm column. A 1.0-ml sample of the standard reaction mixture was placed on a column which had been prewashed with 0.1 M sodium acetate (pH 4.5). Carbohydrates were eluted with the same buffer, and the carbohydrate content of each fraction was determined using the phenolsulfuric acid assay (10).
RESULTS
Taxonomic characteristics. In a previous report (42) , we tentatively placed a dextranaseproducing, anaerobic, gram-positive, rodshaped bacterium from dental plaque in the genus Actinomyces. At that time, it was noted that our preliminary data did not specifically delineate between the genus Bifidobacterium and the genus Actinomyces. One of the major differences between these two genera is the ability of the Bifidobacterium to produce significant amounts of acetic acid, resulting in a ratio of acetic acid to lactic acid of between 2 and 3 to colonies (Fig. lb) , similar to the smooth colonies of both A. israelii and Actinomyces naeslundii (44) . Results of the biochemical reactions for species characterization were identical for the three dextranase-producing strains, except for strain G3 which could not hydrolyze esculin. Data from cultures grown in medium supplemented with various carbohydrates indicated that ribose was fermented to acid and soluble starch supported weak fermentation, whereas arabinose and xylose were not fermented. The organisms failed to hydrolyze starch agar medium. These microbes grew anaerobically in the presence of CO2; however, no growth on Trypticase soy blood agar has been detected for any of the isolates under aerobic conditions.
On the basis of the organism's ability to ferment ribose to acid and on its inability to produce observable growth on Trypticase soyblood agar when grown aerobically (14, 40, 44) , we suggest that these dextranase-producing microbes be considered strains of A. israelii.
Enzyme characterization: evaluation of the [8H]NaBH4 dextranase assay. Figure 2 shows that incorporation of borohydride derived 3H into nonhydrolyzed dextran T40 is linear with respect to dextran concentration. The borohydride reaction is time and temperature dependent and often requires extended incubation for completion (30) . Reacting dextran T40 or Tio with [3H]NaBH4 at 37 C for various time periods indicated that reduction of these dextrans neared completion after 30 min. Therefore, incubation for 45 min at 37 C was used for the borohydride-reducing dextran assay. Figure 3 illustrates the incorporation of 3H into oligosac- israelii dextranases (open circles) compared to heat-inactivated enzyme (closed circles). This curve is similar to that obtained with the colorimetric reducing sugar assay using the same enzyme (42) . Validation that the [3H]NaNH4 was in sufficient excess for complete carbohydrate reduction was obtained by incubating 1% glucose in the system used to show linearity of the 3H incorporation into dextran T,4, The glucose did not affect the amount of 3H incorporated into the dextran T40 nor was the slope of the line altered (data not shown).
Conditions for enzyme production. The effect of different carbohydrate supplements on growth and dextranase production by A. israelii was studied. The growth curve of strain Gl with dextran T40 as the carbohydrate supplement is shown in Fig. 4 (open circles). Dextranase activity (closed circles) was greatest as the culture shifted from the logarithmic to the stationary phase of growth. The rapid inactivation of the enzyme activity is presumed to be caused by proteolytic activity in the post-log culture supernatant.
It was noted previously that A. israelii did not ferment dextran to an acid pH as one would have expected had the organism catabolized the dextran (42) . This suggested that the supplemental dextran did not contribute to the growth of the bacterium. This was confirmed by growing cells in medium devoid of supplemental carbohydrate. The growth curve produced in this experiment was essentially identical to the one in Fig. 4 (data not shown) .
A. israelii utilizes glucose for growth, and dextranase activity was detectable in the supernatant of glucose-grown cells. Figure 5 illustrates that cells grown in glucose broth produced dextranase during the logarithmic growth phase. Although the total growth and dextranase production was greater for glucose-grown cultures compared to cultures supplemented only with dextran, the shape of the growth curves and the specific enzyme activities were similar in both experiments. To date, no growth conditions have been found which suppress dextranase production by A. israelii strains G1-3. (Fig. 6) . The activity was relatively stable over the pH range 5.6 to 7.0.
Inhibition studies. Among the metal ions tested, Ag+ and Hg2+ at 1 mM were the only inhibitors of the A. israelii dextranase (Table 2) . Additonally, no metal ions caused activation of the dextranase nor did the metal chelator ethylenediaminetetraacetic acid cause any reduction in dextranase activity. The sulfhydryl reagents, dithiothreitol and iodoacetamide, had no effect at 10 mM concentrations, whereas the anionic detergent, sodium dodecyl sulfate, showed complete inhibition of the enzyme. resulted in the formation of oligosaccharides containing approximately 10 to 18 glucose units (42) . In an attempt to visualize the dextran degradation, typical dextranase reaction mixtures were chromatographed at various stages of hydrolysis on Bio Gel P10 (Fig. 7) . After 1 h, a small amount of apparent end product appeared in the area of fraction 38. At the 2-h mark, significant amounts of end product had appeared, and, essentially, none of the original dextran remained intact. Also, after 2 h, the polysaccharides were distributed into two distinct molecular weight ranges presumably corresponding to degradation intermediates and product. The 6-h pattern illustrates the continued movement of the intermediate peak to the right. The double-peaked pattern seen at 24 h remained unchanged through 48 h of incubation. The position of the double peak pattern corresponds to dextrans of approximately 10 to 18 glucose units in size (42) . DISCUSSION Dextranases produced by the oral strains of A. israelii isolated in our laboratories are extracellular endohydrolytic enzymes. Other bacteria capable of producing extracellular dextranases belong to the genera Pseudomonas (34), Bifidobacterium (1, 2, 6) , Bacteriodes (24, 39) , and Cellvibrio (28) . Phylogenetically, the Actinomyces are closely related to the Bifidobacterium (orginally thought to be Lactobacillus [33] ); however, comparison of the dextranases produced by these organisms reveals substantial differences. Contrasting the physiological characteristics of the two microbes, one can note the failure of A. israelii to ferment or apparently utilize dextrans in any way during growth, whereas the Bifidobacterium effectively utilize dextrans as the sole carbon source (6) .
Additionally, the A. israelii dextranase appears (Nelson-Somogyi) was noted after 90 min of incubation of the standard reaction system compared to boiled (95 C, 10 min) enzyme preparations. to be a constitutive enzyme, whereas the Bifidobacterium dextranase is an inducible enzyme (1, 6) .
Comparative enzymology of the dextranases from the two different genera indicates that both retain activity over the same broad pH range (5.5 to 7.0), and both appear to hydrolyze only linear a-1,6-linked glucans. The Bifidobacterium dextranase hydrolyzes dextrans to oligo-E I VOL 12, 1975 saccharides 3 to 5 glucose units in length (2, 3) , whereas the A. israelii dextranase apparently hydrolyzes dextran T40 into at least two types of oligosaccharides 10 to 18 glucose units in size. The progressive development of the doublepeaked, end product curve by the A. israelii dextranase (Fig. 7) can be explained as a nonrandom enzymatic recognition of the end of the dextran molecule with subsequent release of oligosaccharides of relatively specific length from the dextran. This could imply that the larger end product oligosaccharides are limit dextrans and that a dextran molecule of possibly 20 glucose units is needed before hydrolysis can be initiated by the A. israelii dextranase.
The physiological significance of the A. israelii dextranase is not understood at the present time, and the production of dextranase by this microbe is inconsistent with the overview of extracellular microbial hydrolase function. The dextranase apparently does not contribute to the accumulation of metabolic requirements for the cells, since growth and dextranase production were equivalent in the presence or absence of the substrate (Fig. 4) . Additionally, glucose did not suppress dextranase production by A. israelii (Fig. 5) . These data can be explained by suggesting that an as yet unidentified molecule is the primary substrate for the enzyme and that cleavage of large oligosaccharides from dextrans is a fortuitous side reaction. An alternate explanation is that dextranase production by A. israelii constitutes a contribution to a symbiotic relationship established in the complex milieu of dental plaque. A. israelii is often recovered from the plaque of healthy individuals (26, 27, 40) , and production of dextranase by selected strains may enhance the microbes' ability to maintain itself in plaque through association with-the dextran-forming microorganisms. In preliminary experiments, we recovered dextranase-producing microbes resembling A. israelii about 60% of the time from the plaque of elementrary school children (R. Staat and C. Schachtele, unpublished data).
The effects of indigenous dextranase activities on the structure or composition of dental plaque can manifest themselves in several ways. Oral microbes such as Bacteroides ochraceus induce dextranases in response to the presence of the substrate and ferment the released glucose to acid (R. Staat and C. Schachtele, submitted for publication). The net result of this activity would be a reduced dextran pool in plaque. However, organisms such as A. israelii arid S. mutans produce dextranases, but do not metabolize the reaction products to acid; thus, they apparently do not by themselves decrease the amount of dextran in plaque. This is not to suggest that the dextranases do not contribute to the metabolism of dental plaque. Walker proposed that oligosaccharides produced by endohydrolytic dextranase activity acted as alternate acceptor molecules in the S. mutans dextransucrase reaction (45) . This concept was extended to account for the possible function of the S. mutans dextranase as a regulatory mechanism for the production of highly branched, dextranase-resistant glucans by that organism's dextransucrase (21, 43) .
Recently, our laboratory presented data indicating that the endohydrolytic dextranase produced by A. israelii reduces both the production of water-insoluble glucans by S. mutans 6715 dextransucrase and the adherence of whole organisms to glass surfaces (38) . It should be noted that the A. israelii dextranase does not reduce the rate of total polysaccharide synthesis by S. mutans 6715 dextransucrase (R. Staat, unpublished data). Therefore, it can be proposed that the ability of S. mutans to establish as a member of the plaque flora is regulated in part by the qualitative structure of the glucan rather than the quantity of glucan produced. If this proposal is valid, then extracellular dextranases produced by the indigenous plaque flora have the potential for controlling the establishment of S. mutans by structural modifications of glucans and that elimination of the glucans from dental plaque need not be a prerequisite for ecological control of this bacterium.
